The organic arsenic-containing herbicides, cacodylic acid (hydroxydimethylarsine oxide acid) and MSMA 1 (monosodium methanearsonate), are used for precommercial thinning by stem injection in Pacific Northwest forests. Data are available on the distribution and persistence of MSMA and cacodylic acid in agricultural environments, but little attention has been given to the forest. Our study determined (1) the concentration of arsenic in forest floor, soil, and herbaceous and browse vegetation after injecting individual trees with MSMA and (2) the concentration of arsenic in streams flowing through forests operationally thinned with the arsenicals.
The organic arsenic-containing herbicides, cacodylic acid (hydroxydimethylarsine oxide acid) and MSMA 1 (monosodium methanearsonate), are used for precommercial thinning by stem injection in Pacific Northwest forests. Data are available on the distribution and persistence of MSMA and cacodylic acid in agricultural environments, but little attention has been given to the forest. Our study determined (1) the concentration of arsenic in forest floor, soil, and herbaceous and browse vegetation after injecting individual trees with MSMA and (2) the concentration of arsenic in streams flowing through forests operationally thinned with the arsenicals.
MATERIALS AND METHODS
This study was conducted on three types of forestDouglas-fir, ponderosa pine, and western larch in the Okanogan Highlands, northeastern Washington (FRANKLIN and DYRNESS 1973) . Ponderosa pine typically are at the lowest elevations and on the warmest, driest sites, Douglas-fir are intermediate, and the western larch are at higher elevations and on cooler, moister sites. In each forest, 1 ml of undiluted MSMA formulation was squirted into axe cuts spaced about 7.5 cm apart around the bole of each of five trees. Three transects were projected from each tree with sampling points at 0.5, 2.0, and 4.0 times the crown radius from the bole. Samples of the same type collected at a given distance were composited and analyzed for total arsenic. Sample materials collected were: forest floor (L, F, and H horizons), mineral soil (0-to 30-cm depth), browse vegetation (terminal 10-cm branch tips), and herbaceous vegetation (above ground portions). Each forest type (with 5 trees as replicates) constituted a separate randomized block, split plot experiment with distance as the whole plot and time and the time-distance interaction as the split plot.
Water monitoring for arsenic was conducted during and after operational precommercial' thinning on three National Forests. Stream sampling stations were located both up and downstream 1 This publication reports research involving pesticides. It does not contain recommendations for their use nor does it imply that the uses discussed here have been registered. All uses of pesticides must be registered by appropriate State and/or Federal agencies before they can be recommended.
-it-:4 from areas (50 to 150 ha) treated with MSMA (3 areas) or cacodylic acid (1 area). Samples were collected during application, storms, and spring runoff (up to 9 months after application).
All samples were analyzed for total arsenic content. Nitric-sulfuric acid digestion converted arsenic to arsenious oxide which was reduced to arsine, complexed with diethyldithiocarbamate and measured at 535 nm (ASSOCIATION OFFICIAL ANALYTICAL CHEMISTS 1970).
Data for each sample type in each forest were analyzed separately by analysis of variance. Orthogonal polynomial contrasts tested for relationships between level of arsenic and both distance from treated stems and time after application. Where the analysis of variance showed a significant effect of time, a one-tailed T-test was used to test for differences between pretreatment and individual post treatment arsenic levels.
RESULTS

Ponderosa Pine Forest
There was no statistically significant change in arsenic concentrations with time after treatment in either herbs of browse, although the mean values suggest a logical trend ( Table  1 ). The arsenic concentration in herbs decreased linearly with distance from treated trees, but the apparent similar decrease in browse was not statistically significant. In the forest floor, the concentration of arsenic increased substantially the first summer after application, particularly directly under the canopy. Except at the 0.5 crown radius location, arsenic concentrations in the forest floor were not significantly different from pretreatment values by the second summer after application. This area had been machine scarified some time before thinning, and little forest floor material was present at time of treatment. The large increase in arsenic concentration in the forest floor reflects this lack of "old litter" to dilute freshfall litter from treated trees. The large input of arsenic to the forest floor had little effect on soil arsenic levels. The level of arsenic in soil did not change significantly with either time or distance.
Douglas-Fir Forest
The arsenic concentration in herbs and browse increased after treatment but differences between pretreatment and specific post treatment dates were significantly different only at 0.5 crown radius (Table 2 ). In the forest floor, mean arsenic levels increased and then declined with time after treatment, but there were no significant differences between pretreatment and 2-year post-treatment values at any distance. Levels in the forest floor declined linearly with distance. The arsenic concentration in soil increased after treatment, but differences between pretreatment and post-treatment values were significant only at 0.5 crown radius.
Western Larch Forest
Arsenic levels in herbs and browse in the western larch forest increased after treatment according to the analysis of variance, but differences between individual pre-and post-treatment values were not significant (Table 3 ). Levels in browse or herbs were not influenced by distance from treated trees. Arsenic concentration in the forest floor increased the first fall after treatment and then declined. All post-treatment values were significantly greater than the pretreatment values at a given distance from the stem, however. The arsenic level in soil did not change significantly with time for distance. Elevated levels in the forest floor were not reflected in the soil, indicating arsenic residues in the forest floor were tightly bound.
Effect of Time and Distance
The mean effects of time after application (averaged over the three distances) and distance from treated stems (averaged over the three post-treatment sampling times) on arsenic levels at all three study sites are in Fig. 1 . Although in many cases the effect of distance was not statistically significant, it appears based on the means, that post-treatment arsenic concentrations a Colville National Forest b Mean of five plots + standard deviation c Concentration of arsenic is significantly different (P 0.05) from pretreatment levels at given distance from treated stem. d0-30 cm were highest at 0.5 crown radius. The concentration appears to decrease with distance however. In most cases post-treatment concentrations at four times the crown radius were greater than the mean pretreatment concentration. The effect of time was somewhat variable, although in nearly all cases, the concentration of arsenic was greater after treatment than before. The concentration most often reached a peak at the first or second post treatment sampling and then declined. In no case, was the mean concentration at the last sampling equal to or less than the pretreatment concentration, although many of these apparent differences were not significant. These results suggest models can be used to construct "maps" of arsenic concentration in these forest types based on the number and location of treated trees and the time after application. This allows risk assessment to be tailored to the intensity of treatment.
EFFECT OF SAMPLING TIME EFI-LLI OF DISTANCE FROM TREATED STEM
Arsenic in Stream Water
Detectable levels of arsenic occurred in only four samples; in each case, the level was at the minimum detection limit of 0.01 mg/L. Significant amounts of arsenic did not enter the water even though in two of the four areas, thinning was conducted on both sides of the stream. WAUCHOPE (1975) concluded the arsenical herbicides poses little threat to groundwater by leaching. Overland flow of water seldom occurs on forest land; so stream contamination by this route is unlikely.
DISCUSSION
Arsenic residues in browse and herbaceous vegetation were relatively low, although it is clear some increase in arsenic level did occur after treatment of nearby trees. The increase was slightly greater than anticipated considering the minor changes in arsenic level in soil. DUBLE, et al. (1969) reported only 1.6 mg/kg arsenic in tops of Bermuda grass plants 7 days after treating the soil with 17.9 kg/ha disodium methanearsonate. They indicated the arsenic was relatively unavailable for uptake. Tolerances of 0.6 mg/kg and 2.0 mg/kg arsenic have been established for MSMA and cacodylic acid in cottonseed hulls for cattle feed 2 . Most of the arsenic residues in vegetation in our study fall within these tolerances; however, our analytical procedure did not distinguish among arsenic species.
Maycumber reported (NORRIS 1971) cattle grazed in forest areas during and after operational thinning with MSMA showed no mortality despite 3 month's exposure to vegetation which presumably contained arsenic levels comparable to those reported in our study. No significant pathological lesions or arsenic residues were found in tissues from these animals. In a similiar study, NORRIS (1977) reported no significant increase in arsenic 2 Federal Register: December 3, 1970 and January 18, 1972. levels in hair of cattle grazed for 5 months in areas operationally thinned with MSMA.
In our study large quantities of arsenic did not move from the forest floor into the soil, indicating arsenic residues in the foliage of conifers are relatively tightly bound and not subject to significant leaching action. Decreasing arsenic concentrations in forest floor with no significant increase in the soil suggest the total load of arsenic decreased with time, possibly due to volatilization of arsine derivatives (CHALLENGER 1951 , RAY 1975 .
In an agricultural soil, ROBINSON (1975) reported no increase in elemental arsenic, even after five annual applications at rates up to 36 kg/ha. The concentration of arsenic we found in forest floor and soil will not have a marked effect on the metabolism of microorganisms. BOLLEN et al. (1974 BOLLEN et al. ( , 1977 reported 10 mg/kg arsenic as cacodylic acid or MSMA had no effect on microbial carbon or nitrogen metabolism in forest floor and soils f r om the three forests in our study.
